INTRODUCTION
The fundamental theme of this paper is to examine the statistics of earthquake related deaths for the world's population during the last two millennia and then determine whether a derived statistical model can be used to predict future deaths in the 21 st Century. The examples used in developing a statistical model are the world's estimated fatality losses and losses in the central and eastern United States (CEUS). The CEUS is of interest as it has 25 of the 125 world's largest cities with populations in excess of 2 million people, while only having three percent of the world's population. The data analysis in this paper examines the numerical changes in the population the United States, deaths in earthquakes around the world in the last two millennia, and determination of a statistical basis for these deaths. The results of the statistical analysis are used to estimate potential future deaths from earthquakes in the 21 st Century.
The world population has exploded, and continues to explode, both in numbers and in global distribution during the past few centuries, significantly influencing the potential social and economic losses from natural hazards. During the 20 th century, there was a fourfold increase in the world's population as shown in Figure1. The movement of the world's economy from a rural agrarian to an industrialized base in the past two centuries has resulted in the transfer of the population from the rural communities and farms to city and suburban centers (United States Census Office (USCO), 1901, 1999, 2000) . This transfer of population from relatively scattered rural dwellings to modern cities with higher population densities means that there are two separate risks that the concentrated urban populations face, when compared to an equivalent number of rural residents. The first risk is from the development of multi-story urban structures that can present a significant fatality hazard especially if they were constructed before the adoption of modern seismic standards, or to non-existent or outmoded seismic standards. The typical timber farm dwelling presents a lower level of risk from death in an earthquake than a masonry urban dwelling (Nichols and Beavers, 2002) . The second risk is the greater number of people concentrated in to smaller urban areas, which is balanced by a the smaller urban area having a lower probability of being within the affected area of an earthquake when compared to a much larger area required to support an equivalent rural population. Theses changes highlight a potential risk not only from earthquakes, but also from other natural hazards such as hurricanes. The critical question for the statistical analysis of the loss data is to determine whether this change in the n population in the last century has a causal or apparent causal impact on the fatality count resulting from such hazards. Nichols and Beavers (2002) initially developed a simple fatality function to estimate human losses using a regression analysis and a series of multiplicative factors. A regression analysis was used to fit an equation to a range of earthquakes from M5.5 to M8 that had had the largest number of fatalities for magnitude of earthquake. This function used the regression equation, a bounding function, coupled with a series of multiplicative factors to estimate the fatality losses for an urban area subject to a theoretical earthquake event. The multiplicative factors, reducing factors, allow for varying population densities, total population, distance from the epicentre to the population, building and ground type differences, and an aleatory factor. The fatality function provides theoretical estimates of losses for a specific urban -earthquake hazard. It does not allow for determining the losses over time for a specific area.
Beavers (????) identified in an insurance workshop that estimating peak earthquake losses in the one percentile [or century] loss event was a key issue for ensuring the survivability of today's insurance industry. The one percentile event provides the point at which the insurance companies will typically economically fail. This above fatality function could not provide data to estimate this loss; as such the one percentile event could not be determined for the insurance companies. Failure in the insurance and reinsurance industry is a significant concern in maintaining the health of the world's economy.
This paper presents an investigation of the statistical properties of the world's historically recorded data set for earthquake fatalities. These properties are then used to model the estimated fatality counts for the 21 st Century. Data from the USGS earthquake fatality catalogue were reviewed, amended, and then used to establish probability distribution histograms of the fatalities for three time-periods, the full catalogue of the past two millenniums, the pre-20 th Century portion of the full catalogue and the 20 th Century portion of the full catalogue. The objectives are to confirm that the two data sets of temporal fatality statistics can be modelled with the Poisson distribution and to provide details of descriptive statistics and model parameters for the two time periods.
The 20 th Century fatality data is then examined in detail to determine the change in the statistical properties of the annual count of fatal events between the beginning and the end of the 20 th Century. This information provides a basis for estimating the likely rates and numbers of fatal events for the 21 st Century. An economic analysis provides an example of the use of research results in estimating the potential impact of earthquakes on the United States in the 21 st Century. The statistical data from this paper provides the insurance industry with a method for estimating the one percentile loss event in terms of fatalities. This fatality data cannot be determined from historic economic insurance loss data from the 20 th Century, but is important as it represents the nominal economic failure point for the insurance industry.
DEFINITIONS AND SYMBOLS
One definition that has been used for this analysis of fatalities is the term meizoseismal area. The Oxford English Dictionary (2001) attributes meizoseismal to Mallet in the year 1859 as pertaining to the points of maximum disturbance in an earthquake. This area is further defined as the area of observable damage to buildings. As where there has been no damage to buildings there are no deaths that can be ascribed to the buildings.
The fatal meizoseismal area is defined as the area of damaged buildings that can cause a fatality. In this case we are specifically referring to areas enclosed by a line that circumscribes the area of building damage or ground movement likely to cause one or more fatilities. Shiono's (1995) data for Tangshan indicates that this enscribing line is about the iso-seismal that separates the felt Modified Mercalli Intensity (MMI) V zone from the felt MMI VI zone. The damage outside this area within the felt MMI zones I to and including V is economically significant but not generally fatal. This defination provides a simple tool to establish an area of interest for estimating death tolls and a convenient but precise term for future analysis (Figure 1 ).
Two symbols define a fatality count, number of deaths in an earthquake, and a count of fatal earthquakes, number of earthquakes having one or more fatalities. The Greek symbol [ Ξ ] represents a fatality count in an earthquake in this study. The Greek symbol [η ] represents a count of fatal earthquakes in a given period, usually one-year.
FATALITY DATA
The USGS (2000) collects data on fatal earthquakes. This data includes the date and time of the event, a nominal magnitude of the event assigned by the USGS and the number of fatalities. This list of fatalities in earthquakes commences from the year 186 BC to the year 2000, which represents two millennium period mentioned above. A number of other sources are available to provide a check on the accuracy of the USGS database particularly for the events causing the largest fatality counts (Jones et al….)where is this reference.
The raw database contained 5383 earthquake entries. Using all available historical data, the authors checked for a number of potential errors in the USGS data that can occur in the collation of such a database. The first potential error is duplicate records of the same event, which were identified and the total count adjusted for the latest published death tolls. The second potential error the counting of fatal earthquakes that actually contained zero deaths. These earthquakes were deleted from the database. A third potential error is the fatality count for larger events against other published data. Correction of the above errors reduced the 5383 records to 1739 unique fatal earthquake events. As an example of this error analysis, the 1976 Tangshan event was recorded as three separate events in the original database. The sum of the fatalities in the three events matched the total recorded by Shiono (…????) . In all cases, the lowest and latest authoritative published figure for the deaths was entered into the database. The database was searched to provide a sorted list of the year of the earthquake event, its fatality count, R Ξ , and the its magnitude, M .
A fourth potential error that cannot be directly checked is the under-recording of events. It is a sensible and wholly consistent hypothesis that the smaller events in the distant past are less likely to be recorded and then found by the USGS when they collected the data. This point cannot proved ;however, it is a common problem with data sets that can be analysed with Poisson's statistics (Kuczera, 2002) . Several statistical methods are available to investigate such data sets. The authors used the approach of discussing the methods, showing the differences between them, and then explaining how these results do not affect the overall solution to the basic problem, (add something here defining what we mean by not affecting the overall solution)
STATISTICAL METHODS
Four statistical methods are used in the analysis of the fatality data. These are Poisson statistics, linear regression, Fast Fourier transformation of a residuals and Student's t test. The method of application and the reasons for using each approach to the solution of the problems is outlined in this section.
The Poisson statistics represents the probability of small numbers. In this case there are a large number of events with low fatality counts and small number with large fatality counts (Miller and Freund, 1977) , The Poisson distribution is defined as:
The parameter λ is the mean in the data set and x is the number of events for which the probability of occurrence is sought in the analysis. The fatality data for this analysis extends from 1 fatality per event to 242,000 fatalities for one event. The 242,000 fatality event represents the historical maximum number of fatalities for a single earthquake (Nichols and Beavers 2002) . Poissonian analysis requires the binning of data into integer sets represented by x. The method used here to determine the fatal counts in a reasonable set of bins was to use a one to one logarithmic transformation of the fatality counts. This is an invertible transformation so no data loss occurs and the values of the actual means are unique and exactly recoverable from the logarithmic data. The data is then binned into integer lots based on the logarithm.
The logarithm of the fatality count also provides a convenient one to one method to express the fatality count on the x-axis of graphs. Poissonian statistics uses the factorial function, ! x , which can be extended using the Gamma function to provide an estimate of the probabilities for non-integer logarithmic values, this technique was used to interpolate some of the intermediate point data on the graphs for the larger death tolls. This analysis does not change the underlying Poissonian statistics or the results and conclusions reached from the analysis.
Two types of Poissonian analysis can be completed on a data set. The first analysis assumes that the data set is complete and the second assumes that the data set is incomplete. The 20 th century data set is assumed to be complete. The two millennia data set cannot be complete for simple historical recording reasons. The most likely systematic under recording will be present in the low count events. The analysis can proceed using a Poisson's method that accounts for the under recording or the data can be analysed as a complete record and the differences in the means presented and explained between the two data sets (Kuczera, 2002, personal communication) . We use the latter.
The least squares technique was used for the linear regression. The issue in the analysis of this data is not that a linear regression with a high regression co-efficient exists, but that the hypotheses that linear regression represents a statistical valid difference in the extreme ends of the data set at the commonly accepted 5 percent level is valid. Student's t test provides the statistical method to validate this hypothesis. The two methods together provide certainty that the linear regression results have a statistical and valid meaning for estimating the future number of events Fast Fourier transformation of the residuals set from a linear regression analysis provides a powerful statistical method to determine any underlying Fourier series. The linear regression removes the linear bias. The method provides an analysis technique for residual data that is not normally distributed. This technique does not obviate the results for the linear regression, but provides additional data that can be used with the linear regression to estimate bounds to the results (Kordzakhia, 1998 personal communication).
Polynomial spline fitting techniques do not provide as accurate or explainable results set as that afforded by this standard statistical technique.
STATISTICAL ANALYSIS OF THE FATALITY DATA
The statistical analysis of the fatality data has been completed using Poisson's distribution for the three time periods discussed above. The mean of each data set can be calculated directly from Figure 2 , which shows the raw data counts for the three time periods, (Table 10) .
These statistical results need to be interpreted with some care. There are the historical issues of reporting, the time periods covered and the changes in human geography to be considered in using the results for extrapolating into this century. There are no historic data that supports the contention that earthquakes during the pre-20 th Century had a mean death toll 300 times the 20 th Century death toll. We reach the entirely reasonable conclusions that the pre-1900s data has an underreporting of the lower counts and that the return period between major events is lower after 1900. Conversely there is no suggestion that the two means are equal, as compensating for the underreporting will only result in a shift of the mean towards the 20 th century result, it may not reach the 20 th century mean. In statistical terms the 20 th century data most probably represents a lower limit to the full catalogue mean. This result provides a lower bound on the probabilities of occurrence of large events, when compared to the pre 1900s data. There has been a significant population shift, changes in building technology and improved medical ability to treat injuries in the last century, which all could affect the fatality rates. There were 10 events with a fatality rate in excess of 100,000 recorded in the two millennia. Simple division suggests a return period of 200 years between such events, yet about one third occurred in the last 100 years. We can conclude that the events are getting closer together in time, but this does not impact on the means. Finally, in terms of extrapolating for the 21 st century we conclude that the statistical results from the 20 th century provides a better base to extrapolate than the full catalogue.
The Poisson's probability distribution functions (Miller and Freund, 1979) for the mean values of each data set 2.0 and 2.6, and the actual distribution of fatalities for the twentieth century and the full catalogue are presented in Table 2 .Move this sentence to previous page.
The distribution function for the 20 th century data has been plotted against the Poisson probability distribution with the same logarithmic mean value of 2.0 (Figure 3) .
A chi-square test, 2 χ , shows at the one percent significance level that the Poisson's distribution with a λ of 2.0 cannot be rejected as matching the fatality data for the 20 th century. The 2 χ error is distributed approximately equally at bins of 1, 100 and 1 million. The Poisson's probability function provides a method for estimating the losses in this century. The results show a 1.2 per cent probability of an event in the million range, and a probability of 3.6 percent of an event greater than 100,000 deaths in a century period.
The distribution function for the total catalogue of data has been plotted against the Poisson probability distribution with the same mean logarithmic value of 2.6 (Figure 4) .
A chi-square test, 2 χ , shows at the one percent significance level that the Poisson's distribution with a λ of 2.6 (400 deaths) cannot be rejected as matching the fatality data for the total catalogue century. The analysis technique for 2 χ used the technique of aggregating the 100,000 or greater bins where the bin count is less than five (Johnson, 2000, 305) . The 2 χ error component is greatest at the 100 bin.
The Poisson's probability function provides a method for estimating the losses in this century. The results show a 1.2 per cent probability of an event in the million range, and a probability of 3.6 percent of an event greater than 100,000 deaths in a century period. The results show a 3.2 per cent probability of an event in the million range, and a probability of 7.4 percent of an event greater than 100,000 deaths in a two millennia period. The fatality bin of 100 has the highest probability of occurrence with about one in three events in both data sets.
The cumulative PDF graphs highlight the differences between the two data sets ( Figure  5 ).
This statistical analysis has investigated the properties of the fatality database from earthquake deaths for the 20 th century and the two millennia catalogue. The conclusions that can be reached from this analysis are firstly that the annual probability of fatal earthquakes occurrence in all bins is higher in the 20 th century than for the full catalogue. The difference is at least an order of magnitude. Secondly the Poisson's distributions represent the data sets. The logarithmic mean of the 20 th century fatality count is 2 and for the full catalogue is 2.6, which represents 100 and 440 deaths respectively in the mean events. Thirdly the mean of the recorded data sets has dropped from the full catalogue to the 20 th century catalogue.
The selection of the mean to use for the analysis of the 21 st century data is an interesting question as to whether to use the full catalogue or the 20 th century. The means of the logarithm of the death tolls are 2.6 to 2 respectively. This result shows that the size of death tolls in average events is getting smaller with time, which could be related to an under-recording of the smaller events prior to 1900, and a greater number of fatal earthquakes each year. The number of fatal earthquakes per annum is considered next. The historical problems of under-recording prior to 1900 can be discussed but not resolved with any degree of certainty. Considering the 100,000 bin statistical results the average time between these events has gone from about 150 year in the full catalogue to about 10 years in the 20 th century catalogue. The effect of assuming a fixed number of events over the next hundred years is that the full catalogue result will suggest a higher rate of 100,000 bin events in this coming century or a shorter return period than the 20 th century. We recommend for planning purposes that the 20 th century mean be used for the early part of the 21 st century as the under-recording cannot be quantified but in all probability is significant, whilst an increasing rate of fatal earthquakes may invariably reduce the recurrence period unless the mean death toll drops to offset the difference.
POPULATION CHANGES IN THE LAST 100 YEARS
The data reviewed was the change in world population, particularly in the last century, the change in distribution from essentially rural to urban population, and the annual fatal earthquake counts since about 1850. The transition from a rural base to an urbanized base was illustrated using data from the CEUS. The world's population, World P , has increased from about 1.5 billion in 1900 to about 6 billion in 2000, which represents a four-fold increase.
The US Census Beaurea has measured the United States population data as it has moved from a mainly rural society in 1900 to an urbanized society in 1999. The data presented is the details for the county populations, which represent an area that could be encompassed in a fatal meizoseismal zone, the distribution of the county populations and how this has changed with time, and the counties with populations in excess of 1,000,000 people. A county with a population of 1 million that suffers a 1 percent death toll will have 10,000 deaths.
The mean population per county has risen and the largest city is now on the West Coast instead of the East Coast. Cook County was second in size in 1900 and 1999 (Table 3 ).
The US census data for 1900 and 1999 provide the estimated number of people by county (United States Census Office, 1901 Office, , 2000 (Figure 6 ). The census data clearly show that since the year 1900 a large percentage of US residents have become increasingly concentrated in a small number of counties.
There are thirty-three counties in the United States with a population greater than 1 million (Table 4) . Eighteen of these counties are located in the Central and Eastern United States (USCO, 1999; USCO 2000).
The development of 18 counties in the CEUS in the last 200 years with more than one million residents provides a clear pointer to the urbanization potential of the population in developed countries. No deaths occurred in the Central and Eastern United States in the 20 th century, but the 2002 Plattsburg, NY, earthquake illustrates the fatality potential in the CEUS with intensities observed at VII and toppled chimneys (Schweig, 2002 , email communication dated 23 April 2002 ). An intensity of VII is sufficient to cause death from falling objects (Shiono, ????; Nichols and Beavers, 2002) .
ANALYSIS OF THE GLOBAL COUNT OF ANNUAL FATAL EARTHQUAKES
The second analytical element is to determine the statistical properties of the change in the annual number of fatal earthquakes in the last century. The annual number of recorded fatal earthquakes has been rising through the two millennia of the records. There may be human geography reasons related to population size and distribution that have a causal link to this change. The annual number of fatal earthquakes occurring in the world, a η , has increased from about 4 to 16 in the same period, which represents a four-fold increase. The causal linkage between these two increases cannot be proven with this simple analysis, but it is a reasonable assumption for future modeling of earthquake fatalities and an area that warrants further research. The equation to estimate the number of fatal earthquakes in the world with the World P expressed in billions is:
The annual fatality count, a three-year count average, and a decade count average have been plotted for this 130-year period (Figure 7 ).
An analysis of the count of a fatal earthquakes series requires the selection of a count period. Three count periods were used for the data series shown on Figure 7 . The data was normalized to an annual equivalent count to allow direct statistical comparison of the results. The results visually suggest an upward trend in the number of fatal earthquakes through the 20 th century. The first step in the statistical analysis was to determine the statistical information that could be obtained from the data shown in Figure 7 .
Three objectives were identified for the outcomes to be obtained from the statistical analysis. The primary objective was to obtain a method to estimate the number of annual global earthquakes in the early part of this century. The secondary objectives were to determine the likely upper and lower bounds to the data for each year where a predication is sought. The tertiary objective was to present the statistical method used in the analysis as it is not generally available in standard texts. This statistical information then provides a method to estimate the annual global count of earthquakes in the early part of this century and to determine the bounds to this estimated count. Kordzakhia (1998, personal communication) taught the first author a statistical techniques to analyze a time series data using Fast Fourier transforms. The method is based on the use of linear regression and secondary analysis of the residual data. The linear regression results for the annual data series and the annual series average over a decade is presented in Table 5 .
The equation for the trend line was determined using standard least squares fitting techniques as:
where x is the year and ℵ is the estimated number of fatal earthquakes in that year.
The slope of the linear regression is stable using the two data sets. The regression coefficient at 0.956 is significantly better with the decade averaged data than the annual data. The results are the intersection of two statistical sets, the size and distribution of the world's population, and the location and size of the world's earthquakes.
Linear regression is predicted on a normal distribution of the data. The test for this normal distribution is the normal probability plot which is shown on Figure 8 for the annual fatality count residuals and Figure 9 for the decade averaged data.
The alternative method of transforming the annual data into a log space which is a traditional method of seeking a normal distribution for the residuals does not change the NPP to a linear data set and the underlying conclusion reached from the results shown in Figure 8 remains that the data is not normally distributed. The results from Figure 9 demonstrate the stability of the increase in the mean of the fatality count for the last century after the end of the First World War.
The data for the period 1870 to 2000 is shown on Figure 10 . This figure shows the annual data and the three year averaged data. The linear regression is shown and a notional estimate of the upper and lower bounds to the data. The linear regression provides a reasonable estimate of the mean data but provides no information on the upper and lower bounds to the data.
The annual fatality data series does not have a normal distribution for the residuals (Figure 8 ). The conclusion drawn from this result is that a Fourier series analysis of the residuals may yield an underlying pattern to the residuals (Figure 11 ). This standard statistical technique was used by the first author in his research on the dynamic analysis of masonry shear walls (Nichols, 2000) . One standard technique for this type of analysis is the Fast Fourier Transform (Brigham, 1988) . FFT analysis can only be completed on data sets that have a count equal to a n 2 power. The analysis was completed on the last 128 years of data. Fourier analysis output can have patterns in the graphical results that provide guidance as to interesting features and observations about the original time series. The first observation relates to the Normal Probability Plot for the Annual Fatality Data. Simple calculus with varying sinusoidal data spread over a 100 unit period which has the functional form:
shows that NPP has the form shown in Figure 8 for a combination of a long and short period sine functions. The FFT analysis for the residual series yields (Figure 12 ) the critical Fourier series points listed in Table 6 . The Fourier amplitude was normalized to the maximum value.
Fourier transform analysis provides a powerful tool to investigate the properties of a discrete time signal. The output data whilst appearing to be jumbled clutter of frequencies, does contains patterns that provide insight into the original time series (Figure 12 ). The two signals (time and frequency domain) need to be considered in the analysis, and the underlying mathematics of the systems that result in the signal need to be considered to provide an effective consideration of the meaning or cause of the DFFT signal component. The results presented in Table 6 for the Fourier series provide insight into the bounds and trends in annual data series data for the fatality counts (Figure 10 ). The primary result that impacts on the linear regression is the 50 year Fourier series element. This element represents and measures the slightly concave upward trend to the annual and decade data series. A course measure of this change in the long term linear trend line is also presented in Table 5 . The mean value for the linear regression slope has been increasing since the 1870s. It is suggested that this change represents in part the movement of the population from the rural to the urban setting during this period, with the significant break point or change occurring with the First World War. In predicting the mean slope of the linear regression it is recommended that the decade averaged result from the 1920s to the present is used from Table 5 with a value of 0.143 earthquakes per annum.
The primary element in the Fourier series pattern in the residuals plots is the 2.8 year peak and the secondary 7.7 year peak. These series are typical results from a Fourier analysis for this type of time series. The results represent the movement in the annual series about the linear regression line. The interaction of this Fourier series is derived from the pulses in the time series. These pulses are smoothed out with the decade averaged date, but the Fourier series represent a smoothed pulse of up to 7 to 10 earthquakes per annum about the linear regression, with a period of about 3 to 7 years. The main conclusion from this work is that the probable upper and lower bounds to the estimated annual fatal earthquakes is ± ten earthquakes about the linear regression line. The analysis suggests a current number of annual fatal earthquakes of approximately 16 ± 10.
CONCLUSIONS
This study has developed a set of statistical models of the fatalities in earthquakes and the annual number of fatal earthquakes. Two million people died as the result of earthquake related injuries in the twentieth century. The United States Geological Survey has compiled a list of fatal events that dates from the year 158 BC. This list of fatal events and the death tolls has been reviewed and amended, as required, as part of this study. The fatality data was compared to the published and governmental data to provide a revised catalogue that contained no duplicate records or tolls higher than the officially published data. The revised catalogue of fatal earthquakes has been used in the statistical analysis.
The statistics of the probability of the number of deaths in an earthquake has been investigated for the catalogue. The collection of data across two millennia results in a bias in the data set. A common bias in these types of data sets is an under-reporting of the events with small counts in earlier centuries. An acceptable statistical method of analysing this data was used that considered the catalogue as two data sets. The first set was for the twentieth century and the second for the total catalogue of data. The analysis showed that a Poissonian distribution provided an acceptable level of fit at the one per cent level using the chi-square test for both data sets. The mean death toll is 100 for the 20 th century data and 400 for the full catalogue. The difference is attributed to the bias in the reporting.
The Poissonian model with a mean of 100 is recommended for estimating the probability of death tolls in this century. The probability of a death toll in excess of 100,000 deaths is estimated at 3.6 percent and for a million deaths at 1.2 per cent for a century period.
The average annual number of fatal earthquakes has been increasing through the 20 th century. The decade averaged data shows a stable rate of increase of the annual fatal earthquakes at 0.14 per annum. A Fast Fourier transform analysis shows that the annual series data has a non random component in the residuals to the linear analysis. The bounds to this series are ± ten. The annual average fatal earthquakes count is causally linked to the rise in the world's population and the urbanization of the population.
ACKNOWLEDGMENTS
This research is supported by the Mid-America Earthquake Center under National Science Foundation Grant EEC-9701785. We would like to thank the many people who provided information for this study. Our thanks to firstly to Dr Nino Kordzakhia (Russian statistician) for teaching the first author the techniques of Fast Fourier transforms of statistical data, and how to discern non -Gaussian patterns in an original residual time series. Secondly to Associate Professor George Kuczera (University of Newcastle) for discussing the issues of biased statistical data sets and providing insight into the alternatives available to allow for this issue. 
